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Abstract
Effective management of groundwater resources during drought is essential. How is groundwater currently managed during
droughts, and in the face of environmental change, what should be the future priorities? Four themes are explored, from the
perspective of groundwater management in England (UK): (1) integration of drought definitions; (2) enhanced fundamental
monitoring; (3) integrated modelling of groundwater in the water cycle; and (4) better information sharing. Whilst these themes
are considered in the context of England, globally, they are relevant wherever groundwater is affected by drought.
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Introduction
Globally, groundwater provides almost 50% of all drinking wa-
ter (Smith et al. 2016). Consequently, the impact of droughts on
groundwater is a major threat to water security, which may be
exacerbated by future environmental change. Anthropogenic
warming has already been shown to affect groundwater droughts
in the UK (Bloomfield et al. 2019), and increases in pumping are
predicted to increase global groundwater depletion (Wada et al.
2012). In light of these pressures, effective management of
groundwater during drought is essential. It has been recently
highlighted that improved long-term governance and manage-
ment is needed to achieve groundwater sustainability (Global
Groundwater Statement 2019). In this context, it is timely to
consider the status of groundwater management concerning
drought, and identify priorities for future research and practice.
This paper reports the outputs from a meeting of over 50
hydrogeologists from water supply companies (“water compa-
nies” herein), regulators, consultancies and academia across
England and Wales (UK) that was convened in July 2019 to
consider current groundwater drought management, and to iden-
tify research needs. A brief overview of the hydrogeological and
regulatory context in England is provided first, followed by a
synthesis in four themes of the conclusions of the meeting and
the challenges for researchers and practitioners.
The hydrogeological and regulatory context
Groundwater forms approximately 30% of water supplies in
England (Ascott 2017). The most important aquifer in
England is the Chalk, a dual porosity limestone aquifer with
high vulnerability to droughts in comparison to other major
aquifers with significant intergranular flow (Ascott et al.
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2019). Groundwater droughts occur episodically in England,
with responses to historical droughts shaping current drought
planning and management. In the context of the European
Union Water Framework Direct ive , the 25-year
Environment Plan (DEFRA 2018) sets out the policy frame-
work in England for managing water resources and drought.
Management of groundwater supplies in England are built on
estimations of boreholes yields derived from pumping rate
and water level data collected during droughts (Beeson
2000), in conjunction with abstraction licencing considering
resource avai labi l i ty and environmental impacts
(Environment Agency 2016). In the longer term, regulators
have a vision in which water companies deliver long-term
water supply resilience, cost efficiency and environmental
stewardship (Ofwat 2019). In recognition of the need for
drought research the Natural Environment Research Council
(NERC), with other UK research councils, funded the UK
Drought andWater Scarcity programme; the meeting reported
here was part of that programme.
Four key themes for management
of groundwater supplies subject to drought
Joined-up definitions of drought
Drought is a relative concept which results in many definitions
(Van Loon 2015). Drought definitions andmetrics depend on the
type of drought (e.g. meteorological, streamflow, groundwater,
water supply, agricultural, environmental), as well as hydrologi-
cal and societal context. In countries with multiple water sup-
pliers (e.g. the UK, USA, Germany, there can be regional differ-
ences in the definition of droughts over relatively small areas. In
England, each water company sets their own “drought triggers”
(typically groundwater levels in observation boreholes) to define
drought status and when supply interventions such as temporary
water use restrictions are imposed (Water UK 2016). With the
agreement of customers and regulators, companies also define
their own “levels of service” (planned frequency of such inter-
ventions) and drought resilience. This has resulted in differences
across England, with the planned frequency of temporary water
use restrictions ranging from 1 in 10 years to 1 in 100 years
between neighbouring water companies (Water UK 2016).
There may also be differences between perceptions of drought
and scientific indicators of drought status, with the public more
likely to identify a dry river (streamflow drought) than low
groundwater levels (groundwater drought) during an extended
period of dry weather (Salter and Singleton-White 2019).
These differences can make communications between
stakeholders, including the public, challenging during drought
events. This can be a particular problem where neighbouring
water companies communicate different messages regarding
drought status, even if this is for legitimate operational reasons
(e.g. associated with different drought triggers and levels of
service, as noted above). There is therefore a need for a more
‘joined-up’ and consistent approach in the use of drought def-
initions and how these are communicated to stakeholders,
including the public. Public-facing frameworks which inte-
grate different standardised drought metrics—e.g.
Standardised Precipitation Index (McKee et al. 1993),
Standardised Streamflow Index (Svensson et al. 2017) and
the Standardised Groundwater level Index (Bloomfield and
Marchant 2013)—with water supply indicators such as the
Surface Water Supply Index (Doesken et al. 1991), and with
measures of environmental drought stress (Slette et al. 2019),
synthesized and presented in a nontechnical manner, could
address this issue. There is precedent for this approach, for
example the United States Drought Monitor (2020). Other
countries where drought may affect groundwater could also
benefit from such frameworks.
Enhanced fundamental monitoring
Well-maintained monitoring programmes and datasets are essen-
tial for planning andmanaging groundwater droughts. In England,
groundwater level and pumping data fromwater supply boreholes
are now routinely collected via telemetered transducers and flow
meters. Whilst regulatory planning guidelines (DEFRA 2015) for
water company actions during drought events stipulate require-
ments for monitoring of the surface environment (e.g. riverine
ecological status), there are limited requirements for groundwater
monitoring specifically. Consequently, telemetered groundwater
levels from pumping boreholes may not necessarily be validated
frequently using manual measurements, which is essential for
accurate drought yield assessments. Water quality deterioration
(e.g. increased turbidity, iron) can also cause reductions in bore-
holes yields during droughts (Beeson 2000); however, collection
of these data is highly variable across both water companies in
England and individual pumping boreholes. Telemetered ground-
water levels from observation boreholes operated and maintained
by the Environment Agency are also increasingly available for
England (Shoothill 2019). A national drought surveillance net-
work for monitoring the environmental impact of groundwater
drought is in place (e.g. flows, levels and pollutant concentrations
in streams and wetlands, and associated ecological impacts), as
well as targeted case-by-case monitoring (Environment Agency
2017); however, there have been significant decreases over time in
surface-water quality monitoring and freshwater invertebrate sur-
veys in England (Environment Agency 2019a, b).
Enhanced collection of hydrogeological, hydrological and
ecological data associated with groundwater droughts in
England is essential if improved integrated models of ground-
water in the water cycle are to be developed (see the following
section). Future hydrogeological monitoring developments
should evaluate existing monitoring networks, and aim to im-
prove consistency in data collection across water supply
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sources and water companies. Improved validation and qual-
ity assurance/quality control of telemetered data through man-
ual observations is required, during both dry and wet periods
given the nonlinear and heterogeneous nature of groundwater
systems. Enhanced monitoring could be achieved through
regulatory interventions such as including stipulations on
new pumping licences to require monitoring. Citizen science,
fixed-point photography of streams and low-cost sensor tech-
nology also afford the possibility of extended monitoring of
ecological impacts of drought. Enhanced monitoring is also
important globally given the shift in water use from surface
water to groundwater (Wada et al. 2012) and limited monitor-
ing networks in developing countries.
Improved integrated modelling of groundwater in
the water cycle during droughts
Water cycle models developed by practitioners in England are
focussed in specific fields (e.g. groundwater, surface water,
flooding, water resource systems and distribution networks) to
address specific questions. Integration of models across fields
has been limited in research and practice.Water resource system
models (e.g. AQUATOR (Oxford Scientific Software 2008) and
MISER (Ovarro 2020) used by water supply companies for
operational and long-term water resources planning, generally
have limited representation of groundwater processes. In con-
trast, distributed groundwater models (Shepley et al. 2012) are
used by the environmental regulator for resource assessment and
pumping licensing, but generally have not been coupled with
resource system models. Only recently have coupled models of
water quality, drought, climate change and water supply been
developed for research purposes, and these represent groundwa-
ter simplistically (Mortazavi-Naeini et al. 2019).
Both water resource system and distributed groundwater
models can be subject to long run times, which has limited the
extent of uncertainty analysis that has been undertaken. Whilst
models have used stochastically derived meteorological data
(Harris et al. 2014) to explore resource availability under future
droughts, limited work has explored the impact of groundwater
model structure and parameter uncertainty, which may signifi-
cantly affect yield estimates in the Chalk (Ascott et al. 2019).
Integration of water quality has been limited in these models
and there can be challenges in accessing models when these are
based in proprietary software and contain commercially sensitive
information. In England it has now been recognised that water
resources planning at the water company level has resulted in a
lack of integration of plans at the regional and national scale
(Environment Agency 2020). There is now a desire to develop
multi-sectoral, integrated approaches to water, wastewater and
flood management planning at these scales (Environment
Agency 2020). Such approaches can be supported by develop-
ment of open source, integrated models of the full water cycle
(resource and quality included) that integrate live data and can be
run in real-time for operational decision support and forecasting,
with evaluation of uncertainty included. This goal is ambitious
and likely only realistic in the long term (>10 years), with efforts
prioritised towards areas with greatest drought vulnerability. This
can be facilitated through use of high-performance computing
and centralised data stores, which have not yet been exploited
in earnest in hydrogeological practice in England.
Better information sharing
Despite improvements in the open publication of data held by
environmental regulators (Environment Agency 2019a, b), shar-
ing of data and models used by practitioners for managing
groundwater droughts has historically been limited. Previous
research in England has suggested that limited availability and
assessment of environmental data risks drought management
planning being a “tick box” exercise (Cook 2017). To avoid
this, transparency and sharing of models, tools and data used
for groundwater drought monitoring, management and forecast-
ing should be embedded in drought policy. This is not just
between hydrogeologists (regulators, consultants, industry),
but also between professionals in different fields (e.g.
hydrogeologists and climate scientists) and between profes-
sionals and the public and other stakeholders. To this end, there
is a requirement for services that provide both data (e.g. appli-
cation programming interfaces) and, water supply security is-
sues notwithstanding, public-facing outputs for nonspecialists.
There also needs to be sharing of knowledge and experience in
different approaches for drought management, so practitioners
can be aware of existing practices and avoid repeating work.
The recent development of a national water resources planning
framework in England (Environment Agency 2020), collabora-
tive groups of water companies for regional scale planning (e.g.
Water Resources East 2019) and national stakeholder groups
convened during periods of dry weather (Environment Agency
2017), give much potential to achieve this.
With groundwater droughts affecting water security glob-
ally, there is a need to improve drought management interna-
tionally. Sharing of knowledge between countries with differ-
ent drought management approaches, as well as with cities
that have recently experienced droughts—e.g. Cape Town,
South Africa (Olivier and Xu 2019)—will support this and
goals for global groundwater sustainability (Global
Groundwater Statement 2019).
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